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Numerical Analysis of Convection/Transpiration Cooling
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FDC/NYMA Inc., 1224 N. Wright St. #11, Hampton, VA 23681

and

H. Neale Kelly
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Abstract M = molecular weight
Nu = Nusselt number
An innovativeconceptutilizing the natural porosity AP = pressure difference {P- Ry

of refractory-composite materials and hydrogen coolant t& = pressure
provide CONvectiveand TRANspiration (CONTRAN) ~ Pr = Prandtl number
cooling and oxidation protection has been numericallyGpp = applied heat flux at combustor wall
studiedfor surfaces exposed to kigh heat flux, high ~Re = Reynolds number
temperatureenvironment such as hypersoniehicle R, = universal gas constant
engine combustor walls. Aoundary layercode and a Rwe = hydrogen gas constant
porous media finite difference codewere utilized to T = temperature
analyze the effect of convecti@mdtranspiration cooling Vv = vequty of coplant _ _
on surface heat flux and temperature. Bbendary layer X = spacial coordinate in porous media

code determined that transpiratiffow is able toprovide

blocking of thesurfaceheat flux only if it isabove a Greek

minimum level due to heatdditionfrom combustion of € = porosity

the hydrogen transpirant. The porousnedia analysis K = Boltzmann constant
indicated that cooling of thesurface is attainedvith M = viscosity

coolant flow rateghat are inthe samerange asthose p = density

requiredfor blocking, indicating that @oupledanalysis

would be beneficial. SubscriptsandSuperscripts
avg = average
Nomenclature c = coolant in porous media
ch = coolant in coolant channel
a = coefficient in Nu comb = combustion chamber
b = coefficientin Nu eff = effective
B, = coefficient for first order effect in permeability M = porous media
Cp., = coolant specific heat S = surface _
d = coefficient in finite difference equation v = volumetric, in porous media
D, = hydrau"c diameter of the coolant channel wall = conditions at surface of combustor wall
G = mass flow rate per unit area .
h = heat transfer coefficient Introduction
[ = spacial index in finite difference equation
k = thermal conductivity Design and trade studies of hypersomicleshave
K = permeability shown significant benefits for operation at highgine
K, = coefficient for second order effect in permeability wall and coolant/fuel temperatures. Orapproach to
L = thickness of porous media achieving these operational conditions iengine
m = molecular mass combustors has led to the development of a platioach
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Mo-50Re alloy for the convectivelyooled structure. impermeable oxidation protection coatingsd leak free
This approach has been taken because ofettp@irements  coolant liners are eliminated. An important aspect of the
for a material with bothhigh-temperaturestability and CONTRAN concept is control of the spatial variation of
high thermal conductivity to accommodate #reicipated the hydrogenpermeability through the composite, both
high heat fluxes. However, these materaisexpensive to minimize the coolant leakage out of thack side and
andthe claddinghas notbeen reliable. BecauseMo-Re to accommodatéhe variations in the heating conditions
has poor oxidation resistance, serious problems can resalter the hot surface.

from exposure of the Mo-Re to oxygen shoulthreach

occur in the cladding. R
T¢ = 2000°R
Cooled refractory compositeshave beenconsidered 8000 - ! [ ’
for nozzlesbut have not been proposed fotombustors %
because oftheir relatively low thermal conductivity. 6000 |- \
Furthermore, the use of convectivetpoled refractory — Cooan, %r.bgggcg,gon‘
composites using leak-tight metallic liners in the coolant =~ 4500 | 1 Zs000r ' )
passageand oxidation protectionsurfacecoatingscause ’
additional design constraints due to material Hz—/\\
incompatibility and thermal expansion differences 2000 |- s
betweenthe tubesandthe liners as well as thexternal
coating compatibility with the combustor environment, 0 1 )
respectively. 0 2000 4000 6000

Temperature, °R

Carbon-carbon or

Transpiring H2
’7 other refractory composite

Fig. 2. Coolant weight as a function of
temperature for hydrogen and helium coolant.
Also shown are design conditions for Haynes

188 and C/C closure door.

Hot engine gas T

Potential benefits of the application of the
CVD material on back and sides of channel CONTRAN cooling conceptare illustrated in Fig. 2.
tominimize leskage out back side The particular exampleshown is for an inletclosure
Fig. 1. CONTRAN cooling concept. door, not a combustor wall paneindthe coolingmode
is pure transpiration (with aenergy balance for which
) ) o ) wall surface temperature equalutlet coolant
An innovativeconceptutilizing the natural porosity temperature), which is a limiting case of the CONTRAN
of re_fractory-comp_osne materials and_ hydrogen coolant teoncept. The heat blockingffects of transpiration
provide CONvectiveand TRANspiration (CONTRAN)  cqoling are not considered. The closuredoor is used
cooling and oxidation protection has b_eepmposed for during re-entry to prevertiot gases from entering the
surfaces exposed to kigh heat flux, high-temperature  engine, and the expendablecoolant, which isdumped
environment such as hypersonic vehiclengine  oyerpoard, represents a direct weight penalty. dEshed
combustor walls. Specifically, theoncept relies on the |ine in Fig. 2 illustrates theeduction incoolant weight
hydrogencoolant to permeatethe selectivelydensified penalty as a function of hot surface temperature where the
refractory-comp_osne ma_terlalsuch_ as carbon_/car_bon coolant temperature is permitted tise to the surface
(C/C) to provide a reliablecooling and oxidation  temperature, as it will with transpiration cooling. If the
protection system. The basic CONTRABbNncept, gyrface is allowed to rise to ~5000°R, no weight penalty
which is shown inFig. 1, isbased onthe fundamental s incurredsince no coolant isequired. The figure also
premise that the natural porosity refractory-composite  presents coolant weight requirements using helium as the
materialsleads toleaks. Though littlecan bedone to  ¢gplant medium to alleviateoncerns about external
completely eliminate the leaks, the leate can be pyming of the hydrogen coolant.  Previousengine
controlled throug_h seleptlve densification of the gntractors' desigstudies, as shown by the twaesign
refractory-compositematerials. Thehydrogen coolant conditions (symbols)ijndicate that the coolant weight
which permeateshe C/C prevents oxidationand the penaltycan bereduced by~3000 Ib by switchingrom
transpiring coolant also significantlyeducesthe heat e paseline Hayne&88 alloy door to a C/C door.
flux. Since the transpiration cooling is vegffective in  However, theC/C design is constrained bihe 3460°R
cooling the structureand it blocks some heatnput |imit imposed by the oxidation protection coatings and
exterlor to the ;urface, the very high thermal gond.uctlwtxhe 2000°Riimit imposed by metallic tubéiners. For
requirements imposed by a pure convectieoling the C/C design, anadditional2000 Ib savingscan be
system no longer exist. Similarly, theeeds for yeglized(as shown on theashedine) with transpiration



cooling by the elimination of the 2000°Rnit for the procedureThe externalflowfield was modeled as dlat
coolant tubes. plate with either a constant or varyipgessure at the
boundary layer edgénjection of coolant was initiated
The lack of seriousconsideration of transpiration downstream of the leading edge of the flat plate to permit
cooling for engine combustors may kascribed to injection into adevelopedurbulentboundarylayer. The
preconceived concerns about and lack of knowledge of tHeat transfer predicted by the code included both
concept and the specific application for which it basn  combustionand the blocking effect of the hydrogen
proposed. Transpiration cooling hasen proposed for coolant. In all cases, thieoundary layewas assumed
the engine cowl lipand other stagnation regions. attached. Elimination or removal of oxygen at the
However, therehas been seriousoncern about the surface resultedrom burning of the oxygen with the
transpiring coolant altering theffective aerodynamic transpiring hydrogen, not removal of the boundary layer.
shape of the components, the potential detrimezifatts
of shock impingement on transpiration cooling
effectivenessandthe unknowneffects ofcombustion of
the transpirant on the cooling process, as well as th 2000
potential impact of that combustion on the inlet and
overall engine performance. Several of these concerns a
addressed in paper.
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The numerical analysis results presertiece utilized :
two codes to modg¢he CONTRAN cooling ofC/C. A 300
boundary layer code was used to calculate the effect of th
transpiration cooling omeducing the heat flux at the
surface (effect 1 inFig. 3). The porousmedia code 100¢
modeled both the convective cooling in the coolant o
channelandthe thermal-fluid mechanics of transpiration
in the porous media, as illustrated éffects 2and 3 in  Fig 5 Effect of hydrogen mass flow rate on the
Fig. 3. The twocodesthough notcoupled,were used surface heat flux with a pressure gradient.
together to demonstratehe feasibility of using
CONTRAN cooling for scramjet engine combustors.

20

An analysis of ashock-free flowfield using the

Boundary Layer Analysis boundary layercode isshown in Fig. 4. The figure

shows the heatansfer ratesvith andwithout hydrogen

transpiration. The inflow conditions fdhis case (Mach
5.8) are basedupon flight-scale scramjet combustor

conditions. The geometry was a flat platmd a

The viscous flow along theC/C surface was
computedusing an implicit finite-difference boundary

layer codé. A binary diffusion model waassumedvith turbulentboundarv lavemas developedbefore iniection

injection of the hydrogen coolant into theestreangas. o' oY unaary fay Velop ore inject

The species composition of the gas mixture Wag)egms. The sp|ke in _the heat.transfer with injection was

determined using a Gibbs free-energy minimization caused by the immediate burning of tielrogen coolant
and surface oxygen when injection starts. After the



oxygennearthe surfacewas eliminated by burningiith  following the start of injectiorbecause othe absence of
hydrogenthe heatingate dropselow the no injection oxygen. In this case, the hdensfer drops immediately
case. This resuliemonstratethe blockageeffect of the after the injection begins. After the first shock
hydrogen transpiration. impingement, the results with the nitrogen inflow are
slightly below the air inflow case.
The boundary layecodewas alsoused tosimulate
hydrogen transpiration into a scramjet combustor 1000 . . T
flowfield with pressure gradients to simulate shockwaves. g4
The inflow condition (Mach 4.22) was from a pulse

{pv),, = 0.0 b /tt*/s0c

. . . . i 800 |- ———o—— (pv), = 0.0545 b /ft'/sec, AirInfiow
facility which is used totest subscale scramjdesigns. ~——— (pv), = 0.0545 Ib /tt"Isac, N, Intlow
The shockwave wasodeled byvarying thepressure at el
the boundary layer edge. Heat transfessults from a 5 800 ¢ E
parametric study of the injection ratae shown inFig. £ 500 E
5. A sharpincrease in pressure occurs at approximately 2 oo 3
9 in., with asmallerincrease aapproximately 13.5 in. % 200 3
Injection of hydrogenstarts slightlyahead ofthe first w0l ]
shock impingement. At the lowest injection level, the
heat transfer tdhe surfacehadactually increased due to 100 E
the hydrogeninjection. As the injectiorrate increased, L s o 5 20
the heat transfer was reduced below the no injection case X tin)

Fig. 7. Effect of inflow gas on the surface heat
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Fig. 6. Effect of hydrogen mass flow rate on the .200 L L . L L
oxygen concentration at the surface. 8 10 120y 14 16 18

Fig. 8. Blockage effect of the gas injection on
The reason fothe increase inheat transfer at low the surface heat flux.

injection levels is shown ifrig. 6. Thisfigure shows
the axial variation of the oxygen concentration at the
surface. Atthe lowest injection level, the oxygen was
not eliminated from thesurface and injected hydrogen
continued to burn near the surface. This burmasuylted
in increased heating rates. At the highest injection leve
the oxygen was rapidly removed from tha@rfaceand the
heating rateslecreased. Ithis case, the burning of the
hydrogen occurred away from the surfarel the expected
reduction in heat transférom transpiration cooling was
realized.

The blockageeffect of the hydrogen injection is
shown in Fig. 8. In this figure, thdifference inheating
rate due to injection is plotted for sevecakesconsidered
in this study. The effects of nitrogen infloand increased
njection rates are clearly shown. The boundary lapde
indicates that the pressugeadientsdue tothe shocks do
not remove the transpiration flow from treurface and
reduce the cooling. Insteatthe regionwherethe shocks
impinge experience asignificant cooling effect of the
transpiration flow.These results confirm thability of

. . the CONTRAN concept to provide thermeaid oxidation
The effect of combustion of transpirant omeat ptiop

transferhas beervalidated bychanging the composition
of the inflow gas. The heatingates for airand pure
nitrogen are shown ifrig. 7. The nitrogen inflowcase
doesnot have aspike in the heatransfer immediately

medium.

protection using hydrogen transpiration through a porous



Porous Media Analysis

calculated according to an empirical formula for flow in a
porous media antas units of Btu/ifis-°R. The porous

The approach taken in the porous media analysis wa&gedia flow Nusselt number is defined by Fldrs

to solvethree coupled differential equatiofte the C/C
temperature, théydrogen temperaturandthe hydrogen
pressure inthe porous media. Ageneral convection
boundarycondition wasassumed aboth boundaries of
the porous media,e., inside the coolanthanneland at
the combustosurface. Atthe combustor walkurface,
blocking (areduction) ofthe applied heaflux occurred
due tothe injection of thehydrogeninto the boundary
layer. The permeabilityand mass flow rate were
calculated inthe code. Adiscussion of thenumerical
procedure usedbr solving thethree equations for the
threeunknown (T, T, P) as well as the porousedia
(CIC) permeability and the coolaitydrogen)massflow
rate follows.

Tm = porous media temperature
T¢ = coolant temperature
Kesf = effective thermal conductivity
of porous media
hy = volumetric heat transfer
coefficient

il

Geh =255 Ib/in2-s h hch = coolant channel heat
B40°F < Tepy < 1558°F transfer coefficient

3648 psi > Pgpy > 2643 psi

Fig. 9. Schematic diagram of the porous media
and the nomenclature and channel coolant
values used in the thermal analysis.

Porous Media Temperatures and Coolant
Temperatures and Pressures

The first step was tccalculatethe porousmedia
temperatureand coolanttemperatureand pressure. This
requiredthe solution ofthree differential equations for
three variables, I, T, P. A schematiciagram of the
porous media with the channel coolant flowrate,
temperature, and pressure is shown in Fig. 9.

A 1-D energy balance on the poraugdiaresults in
the following equation:

d*T,, hy
dx?

(Tm _Tc): 0
Kett
where T, is the porousmedia temperature, Jis the
coolant temperature,, his the volumetric heatransfer
coefficient inthe porous mediaand ks is the effective

thermal conductivity of the porousedia as measured by

treating the porousnedia as aporous solid with no
coolant.

The volumetric heattransfer coefficient, |y is

Nu, = aR®

where a =2.22 x 1¢f, b = 0.703, and the Reynolds
number, Re, is defined as

P B3 dP

Re = >
Hee dx

The coolant density iglefined asp, andthe coolant
viscosity isdefined agi.. The porosity is given byg.
The coefficient B is the coefficient of the first order
effect term in the permeability K (described
subsequently).

The pressure ahe coolant in the porousiedia is
the secondvariable that must beobtained,and it is
obtainedfrom the solution of a firstorder differential
equation given by
E_ chC
dX pCBO
where G is the mass flowate perunit area and the

viscosity and density are functions of temperature and
pressure.

Once Ny is calculated, his obtained from

— NquC

h,
BO

where k is the thermal conductivity of the coolant. The
volumetric heatransfer coefficient,  wascalculated at
each node as a function of temperature.

The boundary conditions are given as
dT
hch (Tch - Tm) = - keff -

dx
dT,
qappl = - Keff dx

atx=0

atx=1L

where g, is the applied heat flux at the boundary x = L.

The coolant heattransfer coefficient, h, was
calculatedfrom the Nusselt number for turbulent flow.
The coolant channel Nusselt number is definéd as

14

Nu,, = 0.027 R&/5 pf/3 Sﬁm
M4 O

where U, and Y, are the coolant viscosity at the
temperature ofhe coolant in the coolamhanneland at



the cold surface temperature dhe porous media, The average velocity in the porous media is defined as
respectively. R
§3KTa\,g

Once the Nusselt number wealculatedthe coolant Vag= \—
heat transfer coefficient was obtained from m

_ Nugke where k is the Boltzmann constant (1.3803%39
Dy, J/molecule K) and m is the molecular mass (3.34522x10
7 kg/molecule).

hch

. - 2
where [ is the hydraulic diameter of the coolant channel.

The third equation to be solvedives the coolant Mass Flux

temperaturedistribution.  An energy balance on the )
coolant yields The mass flowrate perunit area, G, can be

calculated using an equation originally proposed by
dT, h, _ Bond', where the temperature, .J, is the average
& G Cp (Tn=Te) =0 temperature ofhe porous media, L is the thickness of
cre the porous media, M is the molecular weight of the
coolant, and Ris the universal gas constant.

where Cp is the coolant specific heat. The remaining
boundary condition that wasused isthat the coolant KAP M
temperature at x = 0 equals the temperature of the coolantG, = —
in the channel, J0) = T,. The coolantand porous L RyTag
media temperaturesre coupledand must be solved
simultaneously. The coolateémperature can bsolved The abovesquationuses theaveragetemperature of the
explicitly, with the coolanttemperature in finite porous media and the pressuredifference between the
difference form being coolant channebnd the combustor.  Thelifferential
equation used earlier to calculdtee coolantpressure in

Teip = (dAX Ty + T/l + dAX) thqe porous media uses the mass flux calcu[I)ated here along
where with temperature and pressure dependent coolant
properties throughput the porous media.

h
d= Y
G.Cp, The porousmedia temperaturesere solved using

finite differences. They werethen used to calculate the

and i is the nodal index that increases with x. coolant temperaturesand pressures. The coolant
temperaturesind pressuresverethen used to recalculate

Permeability the porousmedia temperatureantil convergence was
reached.

The permeability K is a function of botemperature ) )
and pressure and is defined as Results and Discussion

A parametric studywas performedusing the finite
m difference code describembove to evaluatéhe effect of
ag the transpiration mass flovate (which is afunction of

The coefficients K(4.094 x 108 in.) and B (4.96 x 10 permeabilityand pressure)and heat flux on thesurface
13in2) are constants thatre determine@vhen obtaining temperature ofthe heatedsurface. The C./ C thermal

. : conductivity and the hydrogen coolant viscosity and
the permeability as a function ofemperature and

. thermal conductivity are temperature dependent and
pressure. The valuessed here werebtained from g0 ated at eachode. Thehydrogencoolant specific
unpublished data fo€/C resultingfrom work performed  peat and density are both pressureand temperature
by Oak Ridge National Laboratory f&dASA Langley dependent. The convection coefficient in the channel was
ResearchCenter.  The average dynamicviscosity, calculatednumerically,andthe channel wasassumed to
Havg (1.039x106 Ib/in-sec) is defined to be the have a square cross section 0.1 in. by 0.1 in. with a mass

viscosity at the average temperaturg, ¥ 1300°F. flux of 2.55 Ib/irf-s. The thickness of the porooeedia,
L, wasassumed to b8.1 in. Since the coolant in the

The averagepressure irthe porousmedia isdefined  coolant channel waeatedalong the flow path, two

B,P.
K= =224 2K, Vag

as different coolant temperaturesvere used, 840°F and
_ Py +Pymp 1560°F. Theaemperatures represethte inletand outlet
Pavg = I coolant temperatures for #ypical combustor. The

correspondingoolant pressuresere 3648 psiand 2643



psi. These coolant temperatureend pressures are
representative of pure convectiooooling. The

convection coefficient for the coolant in the poronsdia

was also calculated numerically. A sketch of the
geometryand nomenclaturaused inthe thermal analysis
is shown in Fig. 9.

4000 -

8500 |- gappl = 800 Btu/f2-s

3000 | gappl = 600 Btu/fe-s

2500 |-
Ts, °F

2000 | Gappl = 400 Btu/fe-s
1500 |-

1000 - Glappl = 200 Btufft2-s

500 |

0 1 1 1 1 1
0.0000 0.0005 0.0010 0.0015 0.0020

0.0025

Transpiration mass flux, Ib/in2-s

Fig. 10. Combustion wall surface temperature as
a function of transpiration mass flux and
applied surface heat flux at the entrance to the
coolant channel (coolant at 840°F and 3648

psi).

In the currentanalysis, thesurface temperature is
allowed to reach aalue dependent orall the conditions
of the problem. Thapplied heaflux is given, but the
surface temperatur@and transpiration flow rate are
calculated. Iterations would then kamuiredbetween the
porous media solution and the boundary layersolution
which computes thepplied net heat flux if acoupled
analysis for all three effects in Fig. 3 were desired.

In Fig. 10, thesurface temperature dhe C/C is
plotted as a function of the transpiration mass fiate
and the applied surface hdhtx for the conditions at the
entrance of the coolant channel, with ttfteannel coolant
at a temperature of 840°@&nd apressure of3648 psi.
The surface heat flux i@ssumed to includany blocking
effect of the transpiring coolant. The porousedia

mass flow rate is increasedthe surface temperature
appears to become insensitive to transpiration rflass
rate, indicating that for high flow rates, the wsilirface
temperatureessentially becomes a function applied
heat flux only.

4000 w Btu/ft2-s

3500 |-

3000 |- Qappl = 600 Btu/ft2-s

Ts,°F

2500 L Gappl = 400 Bu/ft2-

2000 |- Qappl = 200 Btu/ft2-

1500 |

1000 L 1 1 )
0.0000 0.0005 0.0010 0.0015 0.0020

Transpiration mass flux, lo/2as

Fig. 11. Combustion wall surface temperature as
a function of transpiration mass flux and
applied surface heat flux at the coolant exit to
the combustor (coolant at 1558°F and 2643

psi).

In Fig. 11, thesurface temperature dhe C/C is
plotted as a function of the transpiration mass fiate
and the applied surface hédhtx for the conditions at the
exit of the coolant channel, with tlelannel coolant at a
temperature of 1558°Bnd acoolant pressure of 2643
psi. Again, the surfaceemperature is calculatddr four
different heat fluxes, ranging from 200 Bt/ to 800
Btu/ft>-s. From the figure, itan be seetthat as the
mass flow rate is increasedthe surface temperature
appears to becomkess sensitive to mass flowate.
Here, the wall surface temperatures are higher than for the
entrance conditions, due both to the highercoolant
temperatureand the lower pressure, which results in a
lower mass flow rate for a given permeability.

The results fronfFig. 10 and Fig. 11 indicate that
C/C permeabilities that result in transpiratidluxes

analysis does not calculate the magnitude of the blockingreater than 0.002 IbArs result in little furthereduction
effect ofthe transpiration, but utilizes the net heat fluxof surface temperature at the given heat flux levels. The

applied tothe surface(which could becalculated by the

mass fluxesused for blocking in theboundary layer

boundary layer code). The surface temperature was analysiswere up t00.0545 Ib/ff-s, or 0.00038 Ib/ifss.
calculated for four different heat fluxes, ranging from 200The mass fluxes required to reduce (block) the heat flux at

Btu/ft>-s to 800 Btu/fts. The mass flowate is a
function of the pressure, temperatuand permeability.
Since the pressureand temperaturesre determined as
part of the analysis, only the permeabilitgeds to be
varied to obtain therange of mass fluxes, G The
permeability wasvaried by varying the coefficients B
and K,, The porosityand effectivethermal conductivity
of the porousmedia werenot changed inthis analysis.

(Note that h is also a strong function of mass flux and
permeability.) From the figure, it can be seen that as the

the surface calculated from the boundary layer analysis are
thus at levelavherethe wall temperature isensitive to
mass flux variations. This indicates that coupling of the
two analyses would be beneficial.

Concluding Remarks

A convection/transpiration coolingechnique for
cooling engine combustors was numericalijudied



using both aboundary layercode and aporous media
analysis. Theboundary layeranalysis determinedthat
transpiration coolingcan block the heat flux from the
combustor. The poroumedia analysis indicated that
values of thesurface temperatureare reached where
increases inthe coolant flow rate (controlled by
permeability) havelittle further cooling effect on the
surfacetemperature. Théoundary layerand porous
mediaanalysis should beoupled to furtheiinvestigate
the feasibility of this convection/transpiration cooling
technique for hypersonic vehicle combustor walls.
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